Abstruct-We analyze fundamental limits to the secondharmonic conversion efficiency attainable from semiconductor intersubband devices employing asymmetric stepped a n d double q u a n t u m wells. T h e coupled propagation equations have been solved numerically, accounting for saturation, absorption, a n d optical heating. I t is found t h a t the key figure of merit is the conversion efficiency a t the onset of saturation, which has a remarkably simple f o r m depending only on the ratio of broadening time to intersubband relaxation time a n d on another ratio involving the optical matrix elements. We show t h a t since there a r e fundamental limits to the values of these ratios, it is unlikely t h a t conversion efficiencies exceeding ~1 0 % can be attained in devices of the type considered in the previous literature, a n d for surface incidence even efficiencies approaching t h a t value will require impractically-thick active regions. While detuning from the double resonance condition is often advantageous, net improvements to the o p t i m u m performance a r e relatively modest. However, these limitations can be transcended by placing the subband system in contact with a n optically-inactive momentum-space reservoir, which shunts the intersubband relaxation a n d delays saturation by refilling the depleted subband states with electrons from the reservoir.
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Abstruct-We analyze fundamental limits to the secondharmonic conversion efficiency attainable from semiconductor intersubband devices employing asymmetric stepped a n d double q u a n t u m wells. T h e coupled propagation equations have been solved numerically, accounting for saturation, absorption, a n d optical heating. I t is found t h a t the key figure of merit is the conversion efficiency a t the onset of saturation, which has a remarkably simple f o r m depending only on the ratio of broadening time to intersubband relaxation time a n d on another ratio involving the optical matrix elements. We show t h a t since there a r e fundamental limits to the values of these ratios, it is unlikely t h a t conversion efficiencies exceeding ~1 0 % can be attained in devices of the type considered in the previous literature, a n d for surface incidence even efficiencies approaching t h a t value will require impractically-thick active regions. While detuning from the double resonance condition is often advantageous, net improvements to the o p t i m u m performance a r e relatively modest. However, these limitations can be transcended by placing the subband system in contact with a n optically-inactive momentum-space reservoir, which shunts the intersubband relaxation a n d delays saturation by refilling the depleted subband states with electrons from the reservoir.
We propose a specific device based on r -v a l l e y active states a n d L-valley reservoir states in InAs-GaSb-AISb asymmetric double q u a n t u m wells, whose energy levels a n d optical matrix elements a r e modeled using a n 8-band finite-element calculation. It is predicted t h a t a conversion efficiency of 20% can be achieved in a n active-layer thickness of less t h a n 10 pm.
I. INTRODUCTION ECOND-HARMONIC generation phenomena related to
S intersubband interactions in semiconductor quantum structures have attracted a greatly deal of attention in recent years [1]- [ll] . This work has been motivated in part by the need for coherent, high-intensity optical pulses at wavelengths which are not readily available from conventional sources, e.g., large portions of the mid-wave infrared spectral region.
Intersubband xg! processes are particularly attractive because they have narrow bandwidths and large oscillator strengths, and because the mature growth technologies for material systems such as GaAs-AI,Gal-,As and InAs-GaSbAlSb allow one to exercise considerable flexibility in the band structure engineering of quantum devices. For example, the Manuscript received April 20. 1994 structures may allow one to design devices whose secondharmonic conversion length is shorter than the coherence length associated with nonresonant dispersion. However, in the present work we demonstrate that there are fundamental limits to the maximum second-harmonic conversion efficiencies that one might ultimately hope to attain from optimized quantum-well devices. It will be seen that previous predictions [ 2 ] , [4] , [lo] of rimax exceeding 30% are unrealistic when saturation and beam-depletion are properly accounted for. Whereas earlier conclusions were vague because of the large number of material and structural variables involved, we show that, in fact, the most relevant figure of merit is independent of all design parameters except the intersubband relaxation time, the transition linewidth, and the optical matrix elements, which appear in ratio form.
In Sections I1 and 111, we solve the coupled propagation and intersubband-transition equations. Our theoretical approach is similar in spirit to the calculation of DeTemple al. [12] , which was adopted by several subsequent investigators [2], [6], [7] , although for clarity we will employ expressions that are more phenomenological in form, and more specialized to the case of intersubband processes in asymmetric quantum wells. It will be demonstrated that the conversion efficiencies for intersubband devices of the types discussed previously are limited to 10% under double-resonance conditions, and a very thick active layer ( > I O pm) is required to attain even that value (we will primarily consider surface incidence, although the conclusions obtained below are easily generalized to the case of waveguide propagation). Section IV treats the effects of detuning from double resonance, which is found to be beneficial but does not dramatically improve the maximum efficiency. It will become apparent that any attempt to circumvent these limitations will probably require a radical modification of the saturation properties. In Section V, we propose to accomplish such a modification by placing the subband system in contact with a "momentum-space reservoir," which shunts the intersubband relaxation and delays saturation by rapidly refilling the depleted subband states with electrons from the optically-inactive reservoir. The specific structure considered is an asymmetric InAs-GaSbAISb double quantum well, whose doubly-resonant r-valley subbands overlap in energy with a much higher density of L-valley reservoir states.
The energy levels and optical matrix elements are modeled using an 8-band finite-element calculation. We show that such a structure should yield a much larger conversion efficiency and require a much thinner active region (< 10 pm) than previous devices employing isolated subband systems which do not interact with a reservoir.
CONVERSION EFFICIENCY AT SATURATION AND SOLUTION OF THE PROPAGATION EQUATIONS
It is well known that in the small-signal limit for which one may ignore the effects of beam depletion and saturation, the second harmonic conversion efficiency is given (in cgs units) by ~3 1 where n is the index of refraction, K. is the dielectric constant, c is the speed of light, w is the photon frequency of the pump beam, 1 1 is the intensity of the pump beam, L, is the coherence length, L' = L/cos8 is the propagation length, L is the thickness of the active layer, and 6' is the internal angle of incidence. In the analysis that follows, we will take the propagation length to be much shorter than the coherence length, although the restrictions imposed by this assumption will later be reexamined. For a three-level system, the secondharmonic generation coefficient is given by [ 
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Here F is the fill factor (ratio of quantum-well thickness to total thickness of each period), S2(11, 1 2 ) is a saturation factor which approaches unity at low excitation levels (see below), 1 2 is the intensity of the second-harmonic beam, N is the threedimensional electron concentration in each quantum well, E,, is the energy separation between subbands a and j , and h r i j is the linewidth associated with a given transition (we will hereafter make the usual assumption that all transitions have equal r). The dipole matrix element for optical transitions between subbands 1: and j is ziJ sing, where zLj (i1zl.j) is its value for waveguide geometry. It is well known that if the conduction-band minimum for the quantum well system is at the spherically-symmetric I?-point, as has been the case in all of the experimental intersubband x (~) studies reported to date [ 141,' the matrix elements vanish for normal incidence.
Saturation of the second-harmonic generation occurs whenever the intensity is high enough that intersubband absorption, which takes place in parallel with frequency conversion, depopulates the quantum well ground state [7] . We define the saturation intensity as This remarkably simple result, which to our knowledge has not been discussed previously (although equation (50) in [4] is somewhat related), is seen to contain no explicit dependences on most of the usual design parameters, including angle of incidence, fill factor, doping density, refractive index, or photon frequency. Furthermore, even the broadening time, relaxation time, and matrix elements enter only in ratio form. While final optimization of the second-harmonic generation will be seen to require excitation at pump intensities considerably exceeding II,, it will nonetheless become apparent that qs remains the most important figure of merit governing the ultimate limits to the conversion efficiency.
In order to consider intensities beyond the saturation threshold, it becomes necessary to numerically solve the coupled differential equations for propagation of the pump and secondharmonic beams. As in the calculation of DeTemple et al. [ These may be obtained from the steady-state solutions to the coupled rate equations at each depth s:
is the concentration of a given level in thermal equilibrium:
(2.12) and for nondegenerate statistics. While N~o and N30 vanish in the limit of low electron temperatures (i.e., when ICBT, << El*), optical heating of the electron bath should be considered at high excitation levels. Equating the energy gain and loss rates gives where T is the lattice temperature, TE X (2fiwpo/3hw)01z'r12 is the intrasubband energy relaxation rate, [17] fiwpo is the optical phonon energy, and 0 1 2 is a normalized integral quantifying the spatial overlap of the wavefunctions for the first two subbands. We emphasize that the magnitude of 0 1 2 is closely correlated with that of the optical matrix element 212. For hw corresponding to CO2 wavelengths and relatively strong coupling between the first two subbands (012 ~l ) , this relation yields: 7 -~/ r l 2 ~0 . 2 (roughly consistent with experimental results for 'rE and 712 in the case of square wells [ 181- [20] ), although the ratio will be somewhat smaller if the coupling is weak (012 < 1). With this relaxation time ratio, (2.14) yields ICBT,/E~~ << 1 at the saturation intensity, for which the equilibrium population of the excited subbands is negligible. The numerical calculations further show that even at intensities well above Il,, the electron thermal energy tends to level off at a value on the order of 0.1E12. Thus the thermal redistribution of the electron population plays a relatively modest role in limiting 7lmaX. The additional influence of AT, x 100 K on the broadening time that appears in (2.6) will be discussed below. Using (2.10)-(2.14), to evaluate the depth-dependent subband populations corresponding to the intensities I , (s) and 1 2 ( s ) , we have solved the propagation equations (2.8) and (2.9) numerically for a wide range of input parameters. For 77, values spanning three orders of magnitude, Fig. 1 plots typical results for the maximum conversion efficiency (i.e., evaluated at the optimum thickness Lmax(l?)) as a function of input intensity. These results were obtained assuming r12/'rz3 -+ 1 and r12/7-13 + 0, and employing the matrixelement ratios z23/z12 = 1.62 and z13/z12 = 0.85, which are appropriate for the asymmetric double well considered by Rosencher [lo] (that structure may be viewed as nearly optimal). If one ignores absorption of the second-harmonic beam, the propagation equations yield the asymptotic form rimax -+ T / , I F / I I , in the limit I? + 0. However, comparison of this expression with low-intensity values in the figure indicates that a 1 3 transitions have reduced the proportionality constant somewhat. As expected, saturation of the nonlinearity due to population of the higher subbands causes the slope to decrease once the input intensity approaches a value on the order of 11, (see in particular the curves for 71, = 0.01 and 0.1). However, a second saturation mechanism becomes important at larger q,, namely depletion of the input beam by frequency conversion [16]. This is apparent in the curves for 7, = 1 and 10, whose slopes are seen to decrease at IY somewhat below Ils. Although details of the function qmax(I?) naturally depend on the particular values chosen for the matrix-element and intersubband-relaxation-time ratios, the crucial importance of maximizing 77, should be apparent from this figure.
It was pointed out above that while Lo,,, on the order of cos B/ny2 tends to be optimum at low intensities, saturation of the absorption allows one to employ a somewhat thicker active region at intensities above Optimum thicknesses (normalized by the low-intensity absorption illustrated in Fig. 2 , which plots the optimum sample thickness as a function of I;". While L, , ,
is nearly constant at low intensities, it is seen to increase rapidly once the saturation threshold is reached, following a functional form which is relatively independent of vs. Relation to the coherence length and practical limitations connected with the growth will be discussed below.
LIMITS TO CONVERSION EFFICIENCY-DOUBLE RESONANCE
It should be evident from the discussion in the preceding section that three primary factors govem the upper bound on the second-harmonic conversion efficiency attainable from optimized intersubband-based devices.
I ) Maximum Input Intensity:
While other practical considerations may play a role, the maximum intensity is ultimately limited by plasma breakdown at the surface of the sample. Since the breakdown intensity tends to be relatively independent of material for comparable surface preparations, we will use the value x60 MW/cm2 which is appropriate for GaAs-based devices [21] .
2) Maximum Active-Region Thickness: The maximum L is ultimately limited by the loss of coherence (which is ignored in the calculations discussed above). Since L, %lo0 pm for GaAs-based structures at pump-beam wavelengths on the order of 10 pm [22] , the coherence factor in (2.1) implies that 7 degrades by more than a factor of 2 for any propagation length (L/cos 0) exceeding x50 pm. An additional limitation is the slow deposition rate associated with molecular beam epitaxy (MBE), which makes it impractical to employ thicknesses exceeding x10 pm (accurately controlling the substrate temperature, and hence the quantum-well layer thicknesses, also becomes an issue in the case of very long growth runs). While the growth rate is somewhat faster for metalorganic chemical vapor deposition (MOCVD), accurate control over the asymmetric-well layer thicknesses becomes much more difficult using that process. To our knowledge, all experimental intersubband xe studies reported to date have employed MBE materials. The rapid increase of the required sample thickness following saturation (see Fig. 2 ) make it particularly important to optimize the conversion efficiency before saturation occurs, i.e., to maximize vs.
3 ) Magnitude ofv,: In evaluating vs from (2.6), we first consider the broadening time, rr. While discussions of intersubband-based nonlinear processes often refer to this parameter as the dephasing time, in practice it includes broadening due to nonparabolicity and sample nonuniformity in addition to the scattering contribution. The absorption linewidth in the best materials at low temperatures tends to be dominated by nonparabolicity, which leads to fir 2 3 meV in GaAs and Inl-,Ga,As quantum wells with doping levels in the range of interest [23] , [24] (narrower widths could in principle be attained in lightly-doped materials [25] ). With increasing temperature, the broadening contribution due to optical phonon scattering becomes significant. This leads to a minimum linewidth of ~4 meV at 300 K, [23] , [24] , [26] , [27] , which corresponds to rr = 0.16 ps (previous calculations based on longer dephasing times are therefore physically unreasonable). We emphasize that even this value should be considered somewhat optimistic, since h r 2 7 meV (~r 50.9 ps) is more typical of "good' quantum-well material at 300 K. Note also that since 7-r depends relatively weakly on temperature, there is little incentive to operate the second-harmonic-generation device at low T .
Since a short intersubband relaxation time leads to a high saturation intensity [7] , we wish to minimize 712 (note that for intersubband lasers [28] , one has the opposite goal of maximizing 712). Scattering theory yields that the intersubband relaxation rate scales roughly as [17] , [29] where m, is the bulk effective mass along the confinement axis, dw is the quantum well thickness, and the latter expression uses the resonance relation: hw % Eij a l/(mzdk-). Equation (3.1) implies that while it is slightly advantageous to employ a material with larger effective mass, the strongest variation is related to geometry, through 0 1 2 . Experimental intersubband relaxation times reported for GaAs and Inl-,GaZAs square wells cover a broad range of values, ranging between 0.5 ps and 15 ps [7] , [301, [211, 1311, [191, [32] , [20] . Many the relation 0 1 2 a q,"zf2(1 + q:zf2/2)), where to obtain the net scattering rate one integrates over the growth-direction wavevector qr. Thus 7-12 becomes quite long (e.g., 18 ps) in asymmetric double wells with wide separation distances and hence weak 0 1 2 (small 212) [8] . Combining the results for rr and 7 1 2 , we find that in quantum well structures of the type considered thus far, one is unlikely to achieve rrl7-12 exceeding EO. 15.
Turning now to the matrix-element ratio which appears in (2.6), we note that for a stepped quantum well, xe cc z12213z23 is maximized when the steps are of approximately equal width (see Rosencher and Bois [8, Fig. 41) . However, such structures tend to have small 213/212, and hence small Rlz (e.g., M 0.07 for the case considered in [8, Fig. 111 , which yields q, < 0.01). By increasing the width of the shallower step one can increase R12 [14] , although values on the order of unity probably represent a practical limit for stepped wells. On the other hand, in an asymmetric double well one can make z12 far weaker than 213 (and hence R12 arbitrarily large) by increasing the spatial separation of the two wells. However, there are several factors which limit this strategy. First, Rosencher has pointed out that it is disadvantageous for the ratio 213/212 to be larger than the order of unity [lo], since absorption of the second-harmonic beam then becomes a dominant mechanism. It is easily shown that when 2 1 3 / 2 1 2 >> 1, (2.5) should be replaced by L, , ,
C O S B / C~~~ and the saturation comes to be govemed by a13 absorption, implying that the ratio Rl2 in (2.6) should be replaced by R13 E (~~2 2 2~/ 2 2 :~)~. Furthermore, a significant weakening of 212 will unavoidably be accompanied by a longer intersubband relaxation time [8] (due to the smallness of 0 1 2 ) , as well as by the requirement for a much thicker active layer. It is therefore difficult to achieve Rlz greater than N" 3 in any optimized stepped-quantum-well or asymmetric-double-well structure. Combining this estimate with that for the q -/ r 1 2 ratio obtained above, we conclude that the limit q, 5 0.45 represents a nearly absolute maximum for intersubband nonlinearities of the type discussed in the previous literature. Figs. 1 and 2 indicate that the achievement of quantum efficiencies significantly exceeding 10% would then require Ir/l1, approaching 100 (which would generally induce plasma breakdown) and L more than 10 times the low-intensity absorption depth.
We illustrate by treating the Inl _,Ga,As-GaAs-Al,Gal -,
As double-well structure discussed theoretically by Rosencher [lo], which may be considered nearly optimal. Using 2 1 2 = 13 A, 213 = 11 A, 2 2 3 = 21 A, and h/rr = 10 meV from that reference and taking rf2 = 1 ps, we obtain R12 = 1.9 and q, = 0.22. For B = 45", (2.3) and (2.4) imply a saturation intensity of 3.4 MW/cm2 and hence a maximum intensity ratio before plasma breakdown of Ij''/lls ~1 7 . 5 . For these input parameters, the numerical solution to the propagation equations yields q,,, ~0 . 0 8 5 , which is nearly a factor of 4 smaller than the value obtained in [lo] when saturation was neglected. Furthermore, using the absorption depth of 6.8 pm at 45" incidence [lo], we find that the active layer thickness required to achieve the maximum conversion efficiency is 49 pm, i.e., great enough to induce significant loss of coherence and also impractical from a fabrication standpoint. While longer propagation lengths are easily attainable in waveguide devices [ 1 I], loss of coherence remains a significant limitation.
We conclude that previous predictions [ 2 ] , [lo] of >30% conversion efficiency from conventional 3-level doubleresonance quantum well devices are unrealistic. Our finding is consistent with the analysis of DeTemple et al. [12] , who obtained qmax, exceeding 50%, but only in the limit 712 -+ T r , which does not apply to the intersubband nonlinearities considered here. To our knowledge, the largest 77 reported experimentally thus far is 0.3% [ I l We first consider the single-resonance case, in which the condition 2hw -E13 = 0 is retained while setting Fiw -E12 = -(hw -E23) 5 6. As compared to the values for double resonance, xg is now smaller by a factor of (4.1) a12 and a 2 3 are smaller by factors of p2, a13 is unchanged, and 1 1 , is larger by a factor of p-'. When these results are combined we obtain TI, 4 rrS/p2, which potentially represents a large net increase. However, this enhancement is difficult to realize in practice, since with 213 M 212 the absorption of the second-harmonic beam soon becomes the dominant mechanism limiting the maximum layer thickness (i.e., it does no good to decrease a 1 2 beyond a certain point). Numerically solving the propagation equations under singleresonance conditions confirms that with @ = 0.5 in the structure used as an example in the previous section [lo], the maximum conversion efficiency increases only slightly, from 8.5% to 9.7% (further decreases of 19 eventually lead to a decrease of q). While the detuning from double resonance also allows one to employ a slightly thinner active layer (37 pm rather than 49 pm), these improvements are relatively modest.
While absorption of the second-harmonic beam plays a dominant role under single-resonance conditions, we can minimize this effect by detuning from resonance with the 2hw transitions as well. Assuming for definiteness that both detuning energies are equal (hiw -E12 = 2hw -E13 = S ) , we now obtain that xg! is decreased by a factor of P2, a 1 2 and a13 are smaller by factors of p2, a 2 3 is unchanged, and 11, is larger by a factor of @-2. Combining, we find qs -+ q,//j. As long as full coherence is assumed, the propagation equations yield a steady increase of qmax with decreasing ,6' , reaching qmax = 16% at @ = 0.5 and 18% at , ! ?' = 0.3. However, this is accompanied by a gradual increase of the required sample thickness (to 52 pm at @ = 0.5 and 73 p m at ,l 3 = 0.3), making the loss of coherence an even more significant limitation than in the double-resonance case.
Thus, while final optimization of the conversion efficiency will probably involve some degree of detuning from either one or both of the resonances, it is unlikely that conventional 3-level quantum-well devices with practical active-region thicknesses will ever yield rima, significantly exceeding E 10%. In the next section, we propose to circumvent this limitation by placing the optically-active intersubband system in contact with a reservoir.
v. EFFICIENCY ENHANCEMENT VIA INCORPORATIONS OF A MOMENTUM-SPACE RESERVOIR
Fundamental limits to the second-harmonic conversion efficiency are to a large extent governed by the saturation properties. The rapid saturation discussed above is in turn directly attributable to the inefficiency of the intersubband relaxation process, which unavoidably yields 7-12 1 10Tr for isolated 3-level subband systems produced by current technology. While it would be difficult to increase the relaxation rate for the usual phonon mechanism (although it can be made slower by decreasing 012), there are nonetheless artificial means by which one can attempt to reduce the effective 7 1 2 . Here, we consider an approach based on placing the subband system in contact with a high-density reservoir of opticallyinactive states, whose function is to provide elastic scattering into and out of the active subband states. Thus, when an a12 or a 1 3 absorption process excites an electron out of the i = 1 subband, that carrier is rapidly replaced by an electron from the reservoir. This refills the state on a much faster time scale than would ordinarily be possible in the isolated subband system. Similarly, electrons excited to the E2 and E3 levels quickly scatter into reservoir states at those higher energies. Energy relaxation then takes place within the reservoir, which can in principle be much faster than in the isolated subband system. Furthermore, even though the optical transitions involve only subband states, the replenishment by reservoir electrons delays the onset of saturation (which does not occur until the entire lower-energy portion of the reservoir is emptied). It is naturally essential that the reservoir states be optically-inactive, so that intra-reservoir and reservoir-subband absorption processes do not significantly deplete the pump and second-harmonic beams.
In one configuration, spatial reservoirs could be placed on each side of the active asymmetric region. For example, these could consist of thick quantum wells with ground-state energies near El and a number of closely-spaced subbands below the Fermi energy. The density of reservoir electrons would then be much greater than the density of active-region electrons, considerably increasing the saturation threshold. Higher-energy reservoir levels would also provide a high density of states for elastic scattering from the E2 and E3 active-region subbands. Energy relaxation within the reservoir will be rapid, due to the close spacing of the reservoir subbands (see (3.1)). While intra-reservoir optical transitions should be weak due to the large Ai corresponding to the relevant fiw, one must take care to insure that the optical coupling between reservoir states and active-region subbands is also weak. Unfortunately, the fill factor for such a device will be rather small, due to the large ratio of reservoir-region thickness to active-region thickness.
Probably a more attractive alternative is to introduce a reservoir in momentum space. As an explicit example, we consider an InAs-GaSb-A1Sb double-well structure, in which the I?-point conduction-band minimum is at only slightly lower energy than the minima for the four degenerate Lpoint valleys. While the design of the asymmetric wells is such that the r-point subbands are doubly resonant and have favorable optical matrix elements, the L valleys are ideally suited to serving as a reservoir. Their 2-D density of states is roughly 30 times that of the r' valley, yet they can be made optically inactive by detuning the intersubband spacings to values far from resonance with the pump and second-harmonic photon energies. Measured L-r intervalley relaxation times for GaAs-based alloys and heterostructures tend to be extremely short, falling in the 50-200 fs range [36] - [39] . The intervalley transfer is dominated by LA and LO phonon scattering, and it has been shown theoretically that the I?-valley intersubband relaxation rate can be increased by shunting through L-valley states [34], [40] . A further advantage is that since the intersubband relaxation now occurs primarily through the L-valley, it has become largely decoupled from the overlap integral 0 1 2 . That is, one has far greater flexibility to modify 212 without adversely affecting 7-12. Although L-valley scattering may broaden the r-valley transition linewidth (by as much as a factor of 2 if the intervalley relaxation time is very short), this effect is suppressed because the I'-valley conduction band minimum will lie somewhat lower than the L-valley minimum. At any rate, the ratio 7-r/712 should show a net increase.
We do not expect the intermixing of r and L states to have an appreciable effect on the dipole matrix elements. For the analogous case of r -X interactions in the GaAs-Al,Gal_,As system, it has been found that the oscillator strengths for both interband and intersubband transitions between X-states and r-states are 4-7 orders of magnitude smaller than those for r-r transitions 1411, [42] .
An example of a suitable asymmetric structure is illustrated in Fig. 3 . For the same spatial region containing the double well, the (a) and (b) portions of the figure give conductionband profiles for the r and L valleys, respectively. The sequence consists of a relatively-thick AlSb barrier layer (e.g., 100 A), a 51-A GaSb quantum well, a 2-monolayer (6.14 A) AlSb barrier, a 25-A GaSb layer, a 1-monolayer (3.03-A) InAs layer, a SO-A GaSb layer, and finally a repeat of the thick AlSb barrier which separates this double well from the next period. Although some of the layers are quite thin, the energy levels and matrix elements are not extremely sensitive to the precise thicknesses, and the all-binary construction is advantageous from a growth standpoint.
Quantized energy levels, wavefunctions, and optical matrix elements for this structure at the r-point have been calculated valence band offsets were from [46] and [47] , and the Lvalley minima were taken to lie 40 meV above the r-valley minimum in bulk GaSb at 300 K [48] . The primary purpose of the thin InAs layer is to assure that the energy of the lowest r-point subband is slightly below that of the lowest Lpoint subband. The same thing can be accomplished by adding a small concentration of In to the GaSb well on the right, i.e., by employing an AlSb-GaSb-AlSb-Gal-,In,SbAlSb double quantum well. Note also that whereas the InAs r-point minimum lies far below the I?-point in GaSb, at the L-point the InAs contributes a shallow barrier within the GaSb quantum well.
The dashed curves in Fig. 3 indicate energy minima for the various r-point and L-point subbands, where the location of a given line specifies whether the wavefunction for that subband is concentrated in the thinner quantum well at left or in the thicker well at right. The structure is designed such that the r-point subband splittings are in double resonance with a pump-beam photon energy of 122 meV. The optical matrix elements calculated for the r levels are 212 = 16.1 A, 213 = 17.0 A, and 223 = 25.1 A, which yield R12 = 2.7. Since the two lowest L-point subbands have energies only slightly above the r-point minimum (Et1 -Er1 = 39 meV and EL^ -Er1 = 58 meV) and their densities of states are much higher, roughly 90% of the electrons reside in the L-point reservoir at low optical intensities. Nonetheless, the modeling yields that the pump-beam and second-harmonic-beam absorption coefficients due to L-point transitions are less than 10% of a12 and (~1 3 , since the intersubband splittings are far out of resonance with both hw and 2hw (e.g., EL^ -ELI = 75 meV and EL^ -EL^ = 153 meV). For both r-point and L-point interactions, we have assumed energy linewidths of 10 meV.
Since the L-valley shunt is expected to result in faster intersubband relaxation, we take ~1 2 to be roughly a factor of 3 smaller than in the isolated system without the momentumspace reservoir, i.e., Tr/r12 E 0.3. Following multiplication of I,, in (2.3) by N / N r E 10, we find I I , % 54 MW/cm2, implying that saturation has been delayed nearly until the plasma-breakdown point. Noting that qs in (2.6) should also be multiplied by N / N r , we obtain vs = 7.1. When this value is employed in the propagation equations (accounting for both I?-point and L-point absorption), we obtain a maximum conversion efficiency of E 0.20 at IF = 11,. This is a factor of 2 larger than the qmax calculated for the same r-valley subband system in the absence of the reservoir (compare also with the results from Section 111). Furthermore, since the saturation intensity has just barely been reached, the optimum sample thickness is only slightly greater than cosB/cxy2. Assuming ay2 = 1000 cm-', we obtain L, , , = 7.4 pm, which is quite feasible for growth by MBE. While the final optimization of 7jmax should again probably involve some detuning from the double resonance condition, here there is less flexibility since one is under the additional constraint of assuring that the L-point absorption remain suppressed.
We, thus, predict that the incorporation of a momentumspace reservoir will significantly enhance the performance of an intersubband second-harmonic-generation device. If the goal is to maximize the output power at the secondharmonic wavelength, surface-incidence geometry will provide far greater coupling to a large-area input beam than would be achievable using waveguide geometry. The present analysis demonstrates the feasibility of attaining high conversion efficiencies from surface-incidence devices with practical active-layer thicknesses. While we have illustrated the concept with the example of an InAs-GaSb-A1Sb asymmetric double well, similar behavior is expected for Al,Gal-,As-based structures with L-point or X-point reservoirs.
VI. CONCLUSION
We have analyzed the prospects for obtaining high secondharmonic conversion efficiencies from semiconductor devices based on interactions between the quantized subbands in asymmetric stepped or double quantum wells. Results for qmax and L, , , have been derived from solutions to the coupled propagation and transition-rate equations, accounting for absorption, saturation of both the absorption and secondharmonic generation coefficients, and thermal redistribution of the equilibrium subband populations due to optical heating. The numerical calculations confirm the importance of the key figure of merit vs (roughly the conversion efficiency at the onset of saturation), which depends only on ratios involving the linewidth, the intersubband relaxation time, and the optical matrix elements. Since there are fundamental limits to the values of those ratios, it becomes clear why conversion efficiencies exceeding 10% may never be attained in devices based on "conventional" subband systems of the type studied thus far. For surface incidence, even efficiencies approaching that value will require extremely thick active regions, which would be impractical to grow by current methods. While detuning from the double resonance condition is found to be advantageous, single resonance yields relatively modest improvements and non-resonance requires that the active-layer be even thicker.
Our analysis clarifies that the fundamental limits to device performance are effectively independent of such parameters as the doping density, angle of incidence, fill factor, refractive index, etc. One is also significantly constrained with regard to optimization of the matrix elements through modification of the asymmetric quantum structure (e.g., in maximizing Rlz the ratio z 1 3 / z 1 2 should not be increased beyond unity [lo] ). It is therefore concluded that efforts to improve qmax should probably center on increasing the intersubband relaxation rate or otherwise delaying the onset of saturation. We have proposed to accomplish both of these objectives by placing the subband system in contact with an optically-inactive momentum-space reservoir. A specific device based on r-valley active states and L-valley reservoir states in InAs-GaSbAISb asymmetric double quantum wells is modeled using an 8-band finiteelement algorithm to obtain the band structure and optical matrix elements. The nonlinearity is predicted to saturate only at intensities approaching the damage threshold, and a conversion efficiency of 20% is obtained for an active layer thickness of less than 10 pm. The realization of such characteristics would considerably enhance the attractiveness of intersubband second-harmonic devices for the generation of high-intensity coherent pulses in the mid-wave infrared.
